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SerologyNgaingan virus (NGAV) was isolated from a pool of biting midges that were collected in the tropics of
northern Australia. Reported here is the full-length sequence of the NGAV genome, which, at over 15.7 kb, is
the largest in any rhabdovirus described to date and contains 13 genes, the highest number of genes
observed in any (−) ssRNA virus. Seven of these putative genes show no signiﬁcant homology to known
proteins. Like viruses in the genus Ephemerovirus, NGAV possesses a second glycoprotein gene (GNS).
Phylogenetic analyses, however, place NGAV within the yet to be classiﬁed “Hart Park” group containing
Wongabel and Flanders viruses, which do not contain a second glycoprotein gene. Screening of various
animal sera from northern Australia has indicated that NGAV is currently circulating in macropods
(wallabies, wallaroos and kangaroos), highlighting the need for further studies to determine its potential to
cause disease in these species.erformance Division, Defence
, Melbourne 3001, Victoria,
. Gubala).
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Ngaingan virus (NGAV) was isolated in 1970 from a pool of biting
midges that were collected for surveillance for arboviruses at the low-
lying plains of the Mitchell River Aboriginal community (Kowanyama;
lat/long −15° 28′ S, 141° 44′ E), Gulf of Carpentaria, northern
Queensland (Doherty et al., 1973). At the time, the midge pool was
thought to consist of only Culicoides brevitarsis (which do not favour
feeding on macropods), but later studies of Culicoides spp. from the
region suggested that C. actoni (which have a wide feeding range
including macropods and cattle) were probably also present (Kay et al.,
1978). Another yet uncharacterised rhabdovirus, Almpiwar virus, was
also isolated from this area a number of times from skinks.
Morphological examination of NGAV revealed bullet-shaped virions
typical of the Rhabdoviridae (Karabatsos, 1985). Experimentalinfection of mosquitoes showed that it can multiply in Aedes aegypti,
a characteristic common of arboviruses (Carley et al., 1973). Initial
characterisation suggested that NGAV was related antigenically to
Tibrogargan virus, another uncharacterised Australian rhabdovirus
(Calisher et al., 1989). However, recent phylogenetic analysis of a
short L gene fragment indicated that it is a member of the Hart Park
group, which also includes Wongabel (WONV) and Parry Creek
viruses, both from Australia, and Flanders virus (FLAV) isolated from
mosquitoes and birds in the USA (Bourhy et al., 2005).
Early serologic surveys suggested that NGAV infects wallabies,
kangaroos and possibly cattle (Doherty et al., 1973). Whilst a recent
outbreak of blindness in kangaroos and wallabies has been associated
with the Wallal and Warrego orbiviruses (Hooper et al., 1999;
Reddacliff et al., 1999), viral diseases in these species are poorly
studied and it remains to be determined whether NGAV also causes
disease.
The genomes of rhabdoviruses always contain genes encoding
the ﬁve structural proteins, nucleoprotein (N), phosphoprotein (P),
matrix protein (M), transmembrane glycoprotein (G) and RNA-
dependent RNA polymerase (L). The complete genome sequenceserved.
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possess numerous additional genes or ORFs that putatively encode
small proteins with unknown functions (Basurco and Benmansour,
1995; Dietzgen et al., 2006; Gubala et al., 2008; Huang et al., 2003;
McWilliam et al., 1997; Reed et al., 2005; Revill et al., 2005;
Scholthof et al., 1994; Springfeld et al., 2005; Tanno et al., 2000;
Walker et al., 1991; Walker et al., 1992; Wang et al., 1994; Wang
and Walker, 1993). In addition, the two characterised ephemer-
oviruses, bovine ephemeral fever virus (BEFV) and Adelaide River
virus (ARV), are known to contain a second glycoprotein (GNS)
with an unknown function (Walker et al., 1991; Walker et al.,
1992; Wang and Walker, 1993). Due to the large number of
evolutionarily divergent rhabdoviruses for which little or no
genome sequence information is available, many remain unas-
signed to any of the six genera (Lyssavirus, Vesiculovirus, Ephe-
merovirus, Novirhabdovirus, Cytorhabdovirus and Nucleorhabdovirus)
recognised currently.
This paper describes the sequence of the complete genome of
NGAV, which at 15,764 nt is currently the largest known within
the Rhabdoviridae. The NGAV genome possesses 13 discrete genes
predicted to encode proteins, which is the most of any known (−)
ssRNA virus and highlights the levels of complexity rhabdoviruses
are capable of reaching. In addition to the ﬁve genes coding for
structural proteins typical of rhabdoviruses, NGAV possesses a gene
encoding a second glycoprotein, which has previously only been
observed in members of the genus Ephemerovirus, and seven
encoding novel proteins. Phylogenetic analyses support assignment
of a seventh genus within the Rhabdoviridae comprising of NGAV,Fig. 1. Comparison of NGAV genome organisation with other rhabdoviruses. Common rhab
Organisation of the NGAV genome. ORFs P'1 and P'2 (black arrow heads) overlap with P
rhabdoviruses. ⁎Serologic evidence suggests that WONV infects birds although it has neverWONV and FLAV. Serologic data indicate that NGAV is still
circulating in some animal species in northern Australia.Results
Complete genomic sequence of NGAV
The complete genome of NGAV is 15,764 nt in length and contains
the ﬁve typical rhabdovirus genes N, P, M, G and L (Fig. 1A). In
addition, it contains seven relatively short ORFs predicted to encode
novel proteins with no signiﬁcant similarity at the amino acid level to
any proteins currently in GenBank, as well as a longer ORF consistent
in genome position and sequence to a second glycoprotein gene, a
feature previously only observed in the ephemeroviruses BEFV and
ARV (Walker et al., 1991; Walker et al., 1992; Wang and Walker,
1993). Each of the ORFs is bounded by recognisable transcription
control sequences (with the exception of U1/U2 and U5/U6 which
appear to be bicistronic, as described later), suggesting that all are
transcribed. Details of the genes, ORFs, putative proteins and
untranslated regions (UTRs) are collated in Table 1.
Althougha consensus sequenceofhigh conﬁdencewas generated for
the whole genome, four nucleotide positions remained ambiguous
despite repeated sequencing. Conﬂicts at positions 5842, 8687 and
12,853within theG, U6 and L genes, respectively,were nonsynonymous
and resulted in amino acid transitions, and the conﬂict at position 3153
introduced a stop codonwithin the U3 gene. These conﬂicts are noted in
the NGAV GenBank entry (accession no. FJ715959).dovirus proteins are depicted by hollow arrows and novel ORFs by shaded arrows. (A)
in different frames. (B) Genomic locations of novel NGAV ORFs compared with other
been isolated from this host. FLAV has been isolated from birds and mosquitoes.
Table 1
Predicted genes and putative proteins of NGAV.
Protein Gene
length
(nt)
ORF
length
(nt)
5′
UTR
(nt)
3′
UTR
(nt)
Protein
length
(aa)
Protein
calculated
Mr (kDa)
Isoelectric
point (pI)
N 1331 1290 26 15 429 48.2 6.4
P 727 696 10 21 231 26.1 5.9
P’1 – 207 – – 68 7.7 11.2
P’2 – 177 – – 58 6.9 11.4
U1 781⁎ 420 12 – 139 15.8 6.9
U2 781⁎ 402 – 6 133 15.2 7.9
U3 463 441 11 11 146 17.1 4.9
M 639 615 13 11 204 23.4 8.0
U4 264 246 11 7 81 9.7 5.0
G 2161 2142 13 6 713 80.9 6.5
GNS 1727 1707 13 7 568 65.0 6.7
U5 716⁎ 345 10 - 114 12.6 8.4
U6 716⁎ 339 - 11 112 13.0 10.0
U7 486 462 13 11 153 18.3 10.2
L 6374 6318 11 45 2105 242 7.2
Gene positions and features are presented in the antigenome direction. 3′ UTRs include
polyadenylation sequences. ⁎U1 and U2 are encoded by a bicistronic mRNA, as are U5
and U6.
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The NGAV N protein (429 aa) is predicted to contain numerous
phosphorylation sites and thus, like most rhabdovirus N proteins, is
probably highly phosphorylated. Four N-myristoylation sites and an
amidation site are also predicted as well as a C-terminal microbody
targeting signal (SHA motif), which is not typically found in viruses.
Proteins that contain this signal are characteristically directed to
microbodies, which are small organelles that specialize in cell
metabolism (de Hoop and Ab, 1992). Examination of all rhabdovirus
N protein sequences in GenBank indicated that only the unclassiﬁed
insect virus SIGMAV contains a microbody targeting signal (TRV
motif). The presence of this signal could indicate a novel and yet
undescribed function of rhabdoviral N proteins potentially involved in
altering host-cell metabolism. The NGAV N protein also possesses a
sequence (GLSNRSPYSA) highly conserved with the G(L/I)SXKSPYSS
RNA bindingmotif present in the cognate protein of ephemeroviruses,
vesiculoviruses and lyssaviruses (Crysler et al., 1990; Kouznetzoff et
al., 1998; Tordo et al., 1986; Walker et al., 1994).
P protein
The 231-aa P protein of NGAV is predicted to contain nine
phosphorylation sites. Whilst x-ray crystallography and NMR studies
suggest an overall common modular organisation of rhabdovirus P
proteins (Mavrakis et al., 2004; Ribeiro et al., 2008), direct
comparisons are difﬁcult as they share little sequence similarity. In
VSIV, a nonphosphorylated 162-aa stretch located centrally in the N
protein is believed to play an important role in virion assembly (Das
and Pattnaik, 2005) but based on the predicted phosphorylation
pattern, no recognisable cognate domain exists in the NGAV P protein.
The NGAV P gene contains two additional ORFs that overlap P in a
similar way as the additional ORF detected in several other
rhabdoviruses referred to as either C or P' (Kretzschmar et al., 1996;
Peluso et al., 1996; Spiropoulou and Nichol, 1993; Springfeld et al.,
2005) (Fig. 1A). Examination of the protein products of these ORFs in
vesiculoviruses and paramyxoviruses suggests that they are nones-
sential but can affect the host immune system by suppressing
apoptosis, assist virus budding and regulate transcription and
replication (Irie et al., 2008; Kretzschmar et al., 1996; Nagai and
Kato, 2004; Peluso et al., 1996). As the NGAV P protein contains two
putative overlapping ORFs, these have been named P'1 and P'2. In size
and pI, both the P'1 and P'2 protein products (Table 1) are consistent
with other rhabdovirus C and P' proteins. Both ORFs also possessalternate downstream start codons with potential to produce shorter
isoforms similarly to VSNJV and VSIV (Kretzschmar et al., 1996;
Spiropoulou and Nichol, 1993).
M protein
The 204-aa M protein of NGAV is predicted to contain several
phosphorylation sites and anN-myristoylation site. A common feature
of matrix proteins in various enveloped viruses is the presence of
proline-rich L-domains near the amino terminus (PPXY, PT/SAP, YXXL
and FPIV) (Chen and Lamb, 2008; Harty et al., 1999). The domains
interact with host cell proteins and also help mediate virus budding
and have been studied extensively in RABV, VSNJV and VSIV (Harty
et al., 1999; Wirblich et al., 2008). Although not apparent in the NGAV
M protein, the corresponding M protein region (residues 30 to 54) is
also proline-rich, suggesting similar functionality masked by low
amino acid sequence identity.
G protein
The 713-aa G protein of NGAV is the largest of any characterised
rhabdovirus, some 44 aa larger than the G protein (669 aa) of the
plant-infecting rice yellow stunt rhabdovirus (RYSV) (Luo and Fang,
1998), and 53 aa to 95 aa larger than the G proteins of BEFV, ARV, FLAV
and WONV. Most additional NGAV G protein sequence occurs in its
amino-terminal (ectodomain) region.
The NGAV G protein is predicted to contain characteristics typical
of the class I transmembrane glycoproteins of other rhabdoviruses
including a signal peptide (residues 1 to 19), ectodomain (residues 20
to 636), 18-aa transmembrane region (residues 637 to 654) and a
cytoplasmic tail (residues 655 to 713). Rhabdovirus G proteins
typically contain two to six N-glycosylation sites, although numerous
newly sequenced viruses are predicted to contain more (Coll, 1995).
The NGAV G protein is predicted to contain four N-glycosylation sites,
three of which are located in the ectodomain. As 30 putative
phosphorylation sites exist throughout the protein, it is also likely
to be phosphorylated as in other rhabdoviruses. Numerous myristoy-
lation sites and an amidation site were also predicted.
GNS protein
The NGAV genome contains a second glycoprotein gene immedi-
ately downstream from the G gene, separated by a single intergenic
“C” nucleotide. Prior to NGAV, the only rhabdoviruses known to
contain a second glycoprotein were the ephemeroviruses BEFV and
ARV (Walker et al., 1991;Walker et al., 1992;Wang et al., 1994;Wang
and Walker, 1993), making this an uncommon feature within the
Rhabdoviridae. In concurrence with BEFV and ARV, this gene/protein
has been designated as GNS (G nonstructural). The 568-aa NGAV GNS
product is predicted to contain 10 N-glycosylation sites (unlike G
which contains only four), all of which are located in the ectodomain.
Like the GNS proteins of BEFV and ARV, the NGAV GNS protein is
predicted to contain the typical characteristics of a rhabdovirus G
protein, a signal peptide (residues 1 to 17), an ectodomain
(residues18 to 517), an 18-aa transmembrane domain (residues 518
to 535), and a cytoplasmic tail (residues 536 to 568).
Transcription of G and GNS genes varies between BEFV and ARV. In
BEFV, both are transcribed asmonocistronic mRNAs, whereas in ARV a
disruption in the G and GNS polyadenylation signals results in
polycistronic mRNA transcription of G, GNS and the subsequent
unknown α1 and α2 ORFs (Wang and Walker, 1993). Both of the
NGAV G and GNS genes contain intact transcription control signals and
therefore are predicted to be transcribed as monocistronic mRNAs
similarly to BEFV.
There is signiﬁcant similarity between the BEFV/ARV GNS proteins
and other rhabdovirus G proteins, suggesting that the GNS proteins
Fig. 2. ClustalW comparison of glycoprotein fusion loop regions of NGAV and other rhabdoviruses. Hydrophobic residues present at the tip of each fusion loop are highlighted in bold
and underlined. The polyproline helix domain is underlined, and a potential NGAV GNS polyproline helix is underlined with a dashed line. Conserved cysteine residues (L-R: CII, CIII,
CIV and CV) are shaded. Alignment is adapted from Johal et al. (2008).
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1992; Wang and Walker, 1993). Pairwise alignment of the NGAV GNS
protein with G proteins of NGAV, WONV, FLAV, BEFV and ARV
identiﬁed high overall similarity (∼40% similarity and 17–20%
identity). Dotplot analyses comparing the NGAV GNS and G protein
sequences showed that GNS lacked a ~120-aa region at the G amino-
terminus (data not shown). Amino acid similarity was distributed
relatively evenly across the two proteins. NGAV GNS was assessed for
the presence of hydrophobic residues at the tips of the fusion loops
that have been shown to play a critical role in cell fusion of the VSIV G
protein (Roche et al., 2006; Roche et al., 2007; Zhang and Ghosh,
1994). Equivalent residues have been identiﬁed in the BEFV and ARV
G proteins, but not the GNS proteins. Unlike BEFV and ARV, the NGAV
GNS protein contains hydrophobic residues at the tips of both loops
(Fig. 2).
Cysteine residue conservation and glycoprotein structure
Rhabdovirus G proteins typically contain 10 to 18 conserved
cysteine residues which form disulphide cross-links critical to their
folding structure and function (Thornton, 1981; Walker and Kongsu-
wan, 1999). The cysteine bonding pattern appears to differ sufﬁciently
between different genera and could be used for the taxonomic
assignment of new viruses. Analysis of cysteines in the NGAV G
protein showed that along withWONV and FLAV these proteins share
a unique conservation pattern that is different to that of any other
rhabdovirus (Table 2).
Cysteine conservation in the NGAV GNS protein mirrored that of
the G protein except that it contains three additional residues, one
(C376) seemingly unpaired within the globular domain and two (C421
and C424) within the protein stalk. An orphaned cysteine is not usual
in virus glycoproteins and such an anomaly might allow for some
folding plasticity due to alternative binding. No nucleotide sequence
conﬂicts were evident in any of the cysteine codons in the GNS coding
sequence, for which there was 10- to 20-fold sequencing coverage,Table 2
Comparison of cysteine bonding patterns of NGAV G and GNS proteins.
Genus/virus Cysteine bonds
A B C D E F
CI + CXII CII + CIV CIII + CV CVI + CVII CVIII + CX CIX +
Hart Park group ● ● ● ● ● ●
NGAV GNS ● ● ● ● ● ●
Ephemerovirus ● ● ● ● ● ●
BEFV GNS ● ● ● ● ●
ARV GNS ● ● ● ● ●
Vesiculovirus ● ● ● ● ● ●
Lyssavirus ● ● ● ● ●
Novirhabdovirus ● ● ● ● ●
U/A Sigma virus ● ● ● ● ●
Table adapted from previously published work with updated bonding of pairs E and F based
includes analysis of the completely sequenced WONV, FLAV and NGAV. U/A, unassigned.
a L designates a new putative cysteine bonding pair found only in the NGAV GNS proteinindicating that all are authentic. It is possible that C376 is involved in
an inter- rather than intramolecular bond and that C421 and C424 bond
with each other within the stalk. A second possibility is that C421 and
C424 could alternatively form a bond with C376, resulting in two
isomers of GNS. We have tentatively designated this additional bond
within NGAV GNS as bond “L” in Table 2. Both NGAV G and GNS contain
additional cysteine residues within their predicted transmembrane
regions and G also contains a cysteine within its predicted signal
peptide sequence, but these are assumed to play no role in folding of
the ectodomain. NGAV G and GNS also share numerous conserved
proline and glycine residues which, similar to previous observations
of BEFV, are likely involved in forming angular turns (Chou and
Fasman, 1978; Walker et al., 1992).
L protein
Common to the L polymerases of (−) ssRNA viruses are six
domains (designated block I to VI) which are highly conserved (Poch
et al., 1990). The domains contain motifs essential to the core
functions of this enzyme. The 2105-aa NGAV L protein was compared
using ClustalW to the L proteins of the selected animal rhabdoviruses
BEFV, ARV, ABLV, RV, VSIV, ISFV, FLAV and WONV. This analysis
suggested highest overall similarity of the NGAV L protein with the
two Hart Park group viruses FLAV and WONV. The six domains that
Poch et al. (1990) identiﬁed as highly conserved amongst (−) ssRNA
viruses, were as expected highly conserved by all the viruses within
this group, including NGAV.
The seven novel NGAV genes
Additional genes occur in some rhabdoviruses between the P-M,
M-G, and G-L genes, but none have been observed between the N-P
genes. Whilst in the majority of cases, additional genes are typically
located at a single location (Fig. 1B), they occur at all three locations in
NGAV (Fig. 1A). The seven novel NGAV genes (U1 to U7) in addition toG H I J K La
CXI C0 + CXIIa CIa + CVIIIb CIb + CVIIIa CXIIb + CXIIe CXIIc + CXIId
●
● ●
● ● ●
● ●
● ● ●
● ●
●
on recently published VSV crystallisation data, as described in text. The Hart Park group
as described in text.
Table 3
NGAV transcription and replication control sequences.
Junction Gene end IGR Gene start
Leader–N N.A. N.A. AGCAGGGATTATCCCTTAACAGCAAAATG
N–P TAATTCACATGAAAAAAA TC AGCAGGAATCATG
P–U1 TAGTTGGACAAAACGTGAAAAAAA TC AGCAGTCCAATCATG
U1–U2 N.A. N.A. N.A.
U2–U3 CTTGAAAAAAA TC AGCAGGGCTCAATG
U3–M TAACATGAAAAAAA T AACAGGAGTCAAGATG
M–U4 TAACATGAAAAAAA C AACAGGTATCAATG
U4–G CTAGAAAAAAA C AACAGTTGTCAATATG
G–GNS CTTGAAAAAAA C AACAGTAATCAACATG
GNS–U5 CATGAAAAAAAA C AACAGATATCATG
U5–U6 N.A. N.A. N.A.
U6–U7 TGACTTGAAAAAAA C AACAGAAATCAATATG
U7–L TGACATGAAAAAAA C AACAGTTATCCATG
L–Trailer TGA…34 nt…CTTGAAAAAAA N.A. N.A.
Sequences are provided in antigenome sense, as they appear on GenBank. Transcription start signals are bolded and transcription stop signals are underlined. Translation stop codons
(gene end column) and start codons (gene start column) bolded and underlined. A possible alternate transcription start signal for the N protein is bolded and italicized. The GNS
polyadenylation signal contains an additional A nucleotide. Excessive internal untranslated sequence for the L gene end has been removed for clarity of presentation, as indicated.
Stars indicate conserved nucleotides; IGR, intergenic region.
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exceptions are U1/U2 and U5/U6, which appear to be bicistronic.
This indicates that mRNA transcription is likely for each of the novel
ORFs (Table 3).
The predicted 139-aa U1 protein contains an N-glycosylation site,
several phosphorylation sites and an N-myristoylation site. Predict-
Protein analysis predicted an amino-terminal ectodomain proceeded
by an 18 aa transmembrane region (residues 36 to 53) and a carboxy-
terminal cytoplasmic tail, but a low probability score of the
transmembrane domain by the Phobius analysis indicates that its
assignment is tentative.
The 133-aa U2 protein is predicted to contain numerous
phosphorylation sites, a single N-myristoylation site and two disulﬁde
bonds between residues C6–C22 and C27–C64.
The 146-aa U3 protein is predicted to contain a single N-
glycosylation site, several phosphorylation sites, an N-myristoylation
site and a disulﬁde bond between residues C49–C96.
The 81-aa U4 protein (9.7 kDa) is the smallest in NGAV, contains
two cysteine residues (C20, C44) and is predicted to contain two
phosphorylation sites, an amino terminal cytoplasmic region (residues
1 to 32) and a centrally located 18-aa transmembrane domain (residues
33 to 50) proceeded by an ectodomain (residues 51 to 81). Its location
between the M and G genes is synonymous to the novel small (93-aa)
hydrophobic protein of the unclassiﬁed rhabdovirus TUPV which,
likewise, contains a transmembrane domain (Springfeld et al., 2005).
The 114-aa U5 protein is predicted to contain several phosphor-
ylation sites, an N-myristoylation site and a centrally located helix-
loop-helix structure from residues 46 to 67.
The 112-aa U6 coding sequence is predicted to contain a single
N-glycosylation site, several phosphorylation sites, a signal peptideFig. 3. Pairwise comparison of theNGAVU6 andGNS proteins. Regions of high amino acid simila
region (bold, underlined), N-glycosylation site (bold, italicized) and cysteine bond (bracketed)(residues 1 to 19), an ectodomain (residue 20 to 76), a 20-aa
transmembrane region (residues 77 to 96), and a 16-aa cytoplasmic
tail (residue 97 to 112). A disulﬁde bond is predicted to form
between residues C99 and C106 within the carboxy-terminal cyto-
plasmic region. Three regions within the signal peptide/ectodomain
region of the U6 protein possess high amino acid sequence homology
to the cognate region of the GNS proteins (30/79 amino-terminal
residues; 39%) (Fig. 3). This level of homology was not observed in
any other genome regions and could be indicative of common
ancestry of GNS and U6.
The 153-aa U7 protein is predicted to contain two N-glycosylation
sites, two phosphorylation sites and the majority of this protein
appears to comprise a helix-sheet-helix structure.
NGAV transcription/replication control sequences
The putative transcription and replication control sequences of
NGAV (Table 3) vary substantially from those of other rhabdoviruses.
For the 11 mRNA species predicted to be transcribed from the NGAV
genome, there are two transcription start sequence variants (AACAG
or AGCAG) and four transcription stop/polyadenylation sequence
variants (CATG[A7] for N, U3, M and U7; CTTG[A7] for U1,U2, G, U5, U6
and L; CGTG[A7] for P; CTAG[A7] for U4). Additionally, the GNS
polyadenylation signal contains eight A residues (CATG[A8]) instead
of the typical seven. In VSV, alteration of any of the ﬁrst three
nucleotides of the stop signal reduces transcript termination
efﬁciency (known as “leaky” stop signals) resulting in polycistronic
mRNAs, whilst altering the G immediately preceding the A7 tract
completely abolishes termination (Barr et al., 1997). Although the
NGAV transcription stop signals vary considerably, the critical Grity are highlighted by shaded boxes. The predicted signal peptides (bold), transmembrane
are highlighted. Alignment was generated using the Needleman-Wunsch algorithm.
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variability in transcription start/stop signals occurs in the genome of
WONV (Gubala et al., 2008) and variability also occurs in BEFV and
ARV, but to a lesser degree (McWilliam et al., 1997;Wang andWalker,
1993). Sequence variation could be used as a regulatory mechanism
for controlling relative transcript abundance (Wang and Walker,
1993). It has been shown for VSV that gene transcription is reduced by
up to 30% for each transcript as the polymerase moves downstream of
the genome (Iverson and Rose, 1981). Therefore “leaky” stop signals,
which result in polycistronic mRNAs, could provide a means of
increasing transcriptional efﬁciency of downstream genes. Another
possibility is that the L polymerase of NGAV is less discriminatory of
its transcription control sequences compared to other rhabdovirus L
proteins.
As in BEFV, ARV andWONV, it appears likely that four of the novel
NGAV genes (U1 and U2; U5 and U6) are almost certainly transcribed
as U1/U2 and U5/U6 bicistronic mRNAs due to a lack of recognisable
termination signals proceeding U1 and U5, and a lack of initiation
signals preceding U2 and U6. Whilst the U2 ORF overlaps the U1 ORF
by 58 nt, the U5 and U6 ORFs are separated by an 11-nt UTR
(ACAAAGAAGAA).
Leader and trailer sequences
Similar to other rhabdoviruses, the 44-nt leader sequence and the
38-nt trailer sequence of NGAV display high complementarity of
terminal nucleotides (14/16 nucleotides as underlined: 5′-ACGAA-
GAAAGAAAAGA–) (Whelan et al., 2004). Typically animal rhabdo-
viruses share conservation of the three genome terminal nucleotides
(5′-ACG-,–CGT-3′) which are likewise conserved in NGAV.
Protein sequence comparisons and phylogenetic analyses
From alignments of the NGAV structural protein sequences with
equivalent proteins of other rhabdoviruses, it is evident that it is most
similar to WONV and FLAV, followed by the ephemeroviruses. The
NGAV L (60–68%) and N proteins (56–65%) displayed highest amino
acid sequence similarities, followed by G (40–50%) and M proteins
(42–45%). Low similarity (b20%) was evident between the P proteins,Fig. 4. Phylogenetic analysis of selected rhabdovirus full-length N (A) and G (B) proteins. Virus
(N),which infect plants andﬁsh, havenot been included for clarity. The shaded areas onboth tre
highlighted by a dashed circle (B). Bootstrap values greater than 70 (from 100) have been indand no hits to rhabdovirus P proteins were generated by BLAST
searches, highlighting their high divergence at the aa sequence level.
Phylogenetic analyses of N and G protein sequences clustered
NGAV within the “Hart Park group” that contains WONV and FLAV
(Figs. 4A and B). Analyses of G and GNS proteins grouped the NGAV
GNS protein loosely with those of BEFV and ARV (Fig. 4B), which was
supported by a weak bootstrap value (47/100), indicating low
conﬁdence of this branching position. As analysis of such a large set
of divergent glycoproteins might distort bootstrapping of the NGAV
GNS protein, sequences of a restricted set of more closely related
viruses (NGAV, BEFV, ARV, WONV and FLAV) were analysed. NGAV
GNS branching occurred at the same position with a slightly increased
but still low bootstrap value (58/100) (data not shown). Additional
analyses performed using different algorithms gave varying values
(Fitch, 51; Kitch, 97; Protpars, 100). Kitch generated the most
consistent result and a high supporting bootstrap value for the
branching of NGAV GNS with the BEFV and ARV GNS proteins. Analyses
performed using the maximum likelihood method similarly indicated
that NGAV GNS branched with the BEFV/ARV GNS proteins. However,
this association will remain tentative until more rhabdovirus GNS-like
proteins are discovered and compared.Protein synthesis in infected cells
A study to detect NGAV proteins synthesised over time in infected
cells was performed by analysing proteins on SDS-PAGE and Western
blotting using an anti-NGAV MAF (results not shown). The analyses
suggested the presence of eight virus-speciﬁc protein bands. Four of
the most prominent bands were consistent in size with the structural
proteins G (81 kDa), N (48 kDa), P (26 kDa) andM (23 kDa). Although
obscured by the 81-kDa G protein, a faint band corresponding
approximately in size to the GNS protein (65 kDa) also appeared
from 16 h onwards. The three remaining bands were larger than the
putative G band, and could correspond to different glycosylation
states of G, which has previously been observed for BEFV, ARV, FLAV
and WONV (Boyd and Whitaker-Dowling, 1988; Gubala et al., 2008;
Walker et al., 1991). No bands corresponding to the seven small novel
proteins (U1 to U7) were detected, nor was the 242-kDa L protein.es from the genera Cytorhabdovirus andNucleorhabdovirus (N and G) andNovirhabdovirus
es highlight NGAVand the “Hart Park” cluster. TheGNS proteins ofNGAV, BEFV andARVare
icated. Bar represents expected substitutions per site.
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A set of 1657 sera collected from various animals in the Northern
Territory, Australia, between 1993 and 2007 was tested for exposure
to NGAV using a virus neutralization test (VNT), as summarised in
Table 4. Following the initial screening of all sera diluted 1:5, 267
potential positives were subsequently titrated at dilutions of 1:10,
1:20, 1:40 and 1:80. Following titration, 106/267 sera were scored as
positive at a titre ≥10. The majority of these sera were from
macropods: 88 agile wallaby (Macropus agilis), 16 black wallaroo
(Macropus robustus woodwardii) and 1 kangaroo (Macropus rufus). A
signiﬁcant proportion possessed titres≥64 (46 wallabies and 2
wallaroo), and of these, 18 had titres between 160 and 640.
Neutralization at titre of 10 also occurred with serum from a buffalo,
and low-level neutralization occurred with sera from three other
buffalo and two sentinel cows. In summary, 20% of the wallaby, 34% of
the wallaroo and 5% of the kangaroo sera tested were positive for
NGAV neutralizing antibodies.
Discussion
The conventional molecular evolution theory of purifying selection
suggests there should be preference for smaller and less complex
genomes. However, it is evident from the growingnumber of complete
genome sequences of rhabdoviruses (Basurco and Benmansour, 1995;
Dietzgen et al., 2006; Gubala et al., 2008; Huang et al., 2003; Reed et al.,
2005; Revill et al., 2005; Scholthof et al., 1994; Springfeld et al., 2005;
Tanno et al., 2000; Walker et al., 1992; Wang et al., 1994; Wang and
Walker, 1993) that they are preserving numerous additional genes,
indicating that rather than hindrance, these genes likely confer unique
evolutionary advantages. Conversely, they could also be kept or
acquired by the virus out of strict necessity. Until recently, the
observed location of these additional genes was only between the G
and L or the P andM genes. Recently, the rhabdovirus TUPVwas found
to contain a novel gene between M and G, and WONV was found to
contain novel genes in three different genome locations (Gubala et al.,
2008; Springfeld et al., 2005). Here we report the complete genome
sequence of NGAV, which shows it to contain eight putative additional
genes, three between P and M, one between M and G, and four
between G and L, resulting in the most complex genome organisation
of any rhabdovirus studied to date.
In VSV, gene transcript levels progressively decrease by approx-
imately 25% to 30% as the polymerase transcribes each downstream
gene and it has been found that the presence of additional genes
between N and P disrupts a critical N:P protein ratio which impairs
viral replication (Iverson and Rose, 1981; Wertz et al., 2002). This
ﬁnding likely explains why there are no rhabdoviruses known to
contain a functional gene between N and P and why locatingTable 4
Serum samples analysed by virus neutralization test for exposure to NGAV.
Animal species No. of
samples
No. of positive
titre ≥10
No. of positive
titre ≥64
Cattle 275 0 (30) –
Buffalo 296 1 (39) –
Pig 283 0 (24) –
Bird (wild) 211 0 (10) –
Bird (farmed) 28 0 (1) –
Wallaby 437 88 (132) 46
Wallaroo 47 16 (21) 2
Kangaroo 19 1 (2) 0
Horse 23 0 (6) –
Rat 17 0 (1) –
Python 21 0 (1) –
Total 1657 106 (267) 48
Numbers in brackets represent the number of positive samples that were titrated
following the initial screening (1:5 dilution).additional genes between P and M provides the ﬁrst opportunity for
high-level transcription without dire consequences for virus replica-
tion. NGAV along with WONV and FLAV in the “Hart Park”
phylogenetic cluster are the only animal rhabdoviruses yet to be
foundwith additional genes between P andM. It is interesting that the
plant-infecting nucleorhabdoviruses and cytorhabdoviruses also
contain genes at this location (Dietzgen et al., 2006; Heaton et al.,
1989; Reed et al., 2005; Revill et al., 2005; Scholthof et al., 1994; Tanno
et al., 2000). Although there is no phylogenetic data cementing a clear
link between the very distantly related Hart Park viruses and the plant
rhabdoviruses, the presence of vastly diverse genes between P and M
are a prominent commonality that perhaps represent evolutionary
relics that link the animal and plant viruses. It is also possible that
these genes arose opportunistically through a common process, such
as gene duplication.
Of all the additional genes present in the NGAV genome, perhaps
the most intriguing is the second glycoprotein gene (GNS) located
immediately downstream of the G protein gene. The only other
rhabdoviruses known to contain a GNS gene are the two closely
related ephemeroviruses BEFV and ARV. Comparisons of BEFV and
ARV G and GNS sequences indicate that it is likely GNS arose due to a
gene duplication event as their GNS genes appear to have evolved
separately from the G genes, being more closely related to each
other than to other rhabdovirus G proteins. It was hypothesised,
therefore, that these two viruses arose from a common ancestor
which contained two related glycoprotein genes (Wang and Walker,
1993). The two GNS proteins, although clearly related, share less
sequence homology than the two G proteins, suggesting that the
GNS gene has diverged more rapidly than the G gene (Wang and
Walker, 1993). Although phylogenetically the NGAV GNS protein
sequence is more closely related to the BEFV/ARV GNS proteins than
to G proteins of other rhabdoviruses, bootstrap values are low and
more GNS-related proteins will be needed to conﬁrm this closer
apparent relationship. However, low bootstrap values are not
unusual for rhabdovirus proteins due to their wide evolutionary
divergence and values of less than 50 for the L proteins of the
unassigned rhabdoviruses TUPV, Oita virus, and trout rhabdovirus
are a good example of this diversity (Springfeld et al., 2005). The
analyses here show the NGAV GNS protein to be more distantly
related than are the BEFV and ARV GNS proteins but less divergent
from rhabdovirus G proteins. However, the GNS protein sequence
relationships are so tenuous that it is currently impossible to
hypothesise whether they originated from a common ancestor of
NGAV and the ephemeroviruses.
The function and signiﬁcance of the second glycoprotein in
rhabdoviruses remains unknown and requires further analysis.
Despite their numerous similarities, the BEFV G and GNS proteins
are antigenically distinct (Hertig et al., 1995; Johal et al., 2008).
They share signiﬁcant amino acid similarity (36%) and several
structural characteristics dictated by conserved cysteine, proline and
glycine residues (Walker et al., 1992). Despite these similarities, the
BEFV GNS protein fails to react with monoclonal antibodies or
polyclonal antisera raised to the G protein (Hertig et al., 1995; Johal
et al., 2008). Furthermore, unlike G protein antisera, polyclonal
antisera raised to GNS do not neutralize the virus and do not protect
cattle against BEFV challenge (Hertig et al., 1995). These data
indicate a considerable difference in antigenic determinants of the
two proteins.
Like most viral proteins, it is likely GNS has several roles. In BEFV,
GNS is expressed constitutively with G in both mammalian and insect
cell culture (Johal et al., 2008; Walker et al., 1992). Although it
localises to the cell surface in both mammalian and insect cells, data
indicate that it is not incorporated into virions, at least in the former.
Whether the GNS protein of BEFV, ARV and NGAVmediates some viral
replication function or directs cellular or immune responses in
infected tissues in the mammalian host or insect vector remain to
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and the ephemerovirus GNS proteins is that it contains the appropriate
hydrophobic residues at the tips of the fusion loops that are likely
involved in cell fusion. Cell fusion by rhabdovirus glycoproteins is
caused by pH-induced conformational changes of fusion peptides
which consequently become exposed to interact with lipid mem-
branes (Fredericksen andWhitt, 1995; Roche et al., 2006; Roche et al.,
2007; Whitt et al., 1990; Zhang and Ghosh, 1994). VSIV G protein
contains two putative fusion loops comprising hydrophobic residues
(Roche et al., 2006; Roche et al., 2007; Zhang and Ghosh, 1994).
Whilst BEFV G protein likewise can cause cell fusion that is pH-
induced, its GNS protein lacks this function, which is proposed to be
due to the absence of these critical residues (Johal et al., 2008). The
presence of these residues in NGAV GNS suggests that it could have the
potential to induce cell fusion, assuming that the loop composition is a
reliable marker of this activity.
Whilst it has been proposed that the small novel proteins of
BEFV and ARV might play some role in regulating transcription and
replication (Dhillon et al., 2000), it is possible they perform several
functions in the vector/host. Small proteins characteristic of
viroporins occur in BEFV, ARV, WONV and FLAV (Gubala et al.,
2008; McWilliam et al., 1997; Wang et al., 1994), and TUPV also
contains a small hydrophobic (SH) protein with characteristics
similar to viroporins (Springfeld et al., 2005). Viroporins are small
proteins that occur in diverse viruses and form pores in host cell
membranes enabling the passage of ions and small molecules
(Gonzalez and Carrasco, 2003). They are believed to be nonessen-
tial but to signiﬁcantly enhance virus replication. Although they
possess little amino acid similarity to each other, the putative
viroporins of BEFV, ARV, WONV and FLAV all contain a central
transmembrane domain surrounded by charged residues as well as
a highly basic domain at the carboxy terminus (Gubala et al., 2008;
McWilliam et al., 1997; Wang et al., 1994). Compared with these
putative rhabdovirus viroporins, the three novel NGAV proteins
with transmembrane domains (U1, U4 and U6) are similar in size
but none contain a highly basic carboxy terminus. Moreover, unlike
viroporins, which typically contain long cytoplasmic tails (Gonzalez
and Carrasco, 2003), the NGAV U6 protein transmembrane domain
is located just 16 aa upstream of the carboxy terminus. However,
the characteristics of viroporins remain speculative and thus it
cannot be precluded that these NGAV proteins possess similar
functions.
There are several mechanisms by which new genes might arise in
rhabdoviruses. Since GNS proteins are clearly related to the G proteins,
it has been suggested that the GNS gene could have arisen through
duplication of the upstream gene due to the loose association of RNA
polymerase with the template RNA and similar in mechanism to how
defective interfering genomes are formed (Lazzarini et al., 1981;
Perrault, 1981; Walker et al., 1992). An alternate theory is that it
might have been acquired during a mixed infection with two
rhabdoviruses (Walker et al., 1992). However, this seems less likely
as recombination between different rhabdoviruses is believed to be a
low probability event (Domingo and Holland, 1997). The mechanism
by which several rhabdoviruses have acquired multiple small novel
genes that are not clearly related is not obvious. It is possible that they
arose through polymerase-mediated duplication events and have
subsequently diverged beyond recognition. Why they have occurred
in some rhabdoviruses like NGAV to generate larger and more
complex genome structures, whilst other viruses have maintained a
minimal genome comprising only ﬁve essential genes, remains to be
explored. Currently there is insufﬁcient data to know whether
genome complexity of some rhabdoviruses existing today has
increased from ancestral viruses but it seems likely that they have
evolved from dynamic populations with a capacity to either gain or
lose genes in response to selective pressures and environmental
adaptation.Since functions of the small novel proteins of rhabdoviruses are not
clear, it is difﬁcult to predictwhether they are expressed in high or low
amounts, or whether their expression is species and cell type speciﬁc.
Without the availability of speciﬁc antisera, their detection in cell
culture is difﬁcult. For example, whilst there is some data suggesting
the low-level expression of the novel β protein of ARV and several of
the novel proteins of WONV, the three novel proteins of BEFV have
never been detected despite extensive efforts (Gubala et al., 2008;
Walker et al., 1991;Wang andWalker, 1993). This study has suggested
that none of the novel NGAV proteins were detected in western
blotting experiments using polyclonal MAF. This is not surprising
because the detection of the novel NGAV proteins may be facing the
same types of challenges as BEFV and ARV, which are as yet undeﬁned.
In addition, there are limitations to using a nonspeciﬁc, uncharac-
terised antiserum (the MAF) to detect viral proteins. It is not possible
to know whether the novel proteins were present during the
generation of the MAF (the MAFwas generated to a crude preparation
of infected suckling mouse brain). It is also possible that the novel
proteins have low immunogenicity, or theymay not be expressed at all
or may be expressed at very low levels in mammalian cell culture. As
such, these results are not conclusive but they should be taken into
consideration in subsequent studies. It would be most beneﬁcial to
produce antisera speciﬁc to each of the novel proteins in the future.
Whenﬁrst isolated in 1970, a limited serologic survey suggested that
macropods and cattle were potential hosts of NGAV (Doherty et al.,
1973). Examination of sera collected opportunistically atwildlife parks
and care centres in northern Australia showed that NGAV is still
circulating in wallabies, wallaroos and kangaroos, which might have
implications for the health of such macropods. A means of regular
monitoring of these macropods is needed to establish whether NGAV
is associated with disease, and molecular detection tests devised from
genome sequence information presented here should prove useful in
such monitoring.
Phylogenetic analyses of rhabdovirus N and G proteins and
comparisons of the other structural proteins show that a distinct
cluster is formed by NGAV, WONV and FLAV. Predictive modelling for
various rhabdovirus G proteins (Walker, 2008; Walker and Kongsu-
wan, 1999), and more recently crystallization data for the VSV G
protein (Roche et al., 2006; Roche et al., 2007) have afforded insights
into cysteine linkage patterns as potentially useful markers in the
taxonomic assignment of new viruses. The shared cysteine bonding
pattern of the NGAV,WONV and FLAV G proteins is clearly different to
other rhabdoviruses (Walker and Kongsuwan, 1999). Taken together
with the phylogenetic data, this supports the formation of a new
genus comprising NGAV, WONV and FLAV for which complete
genomic sequences are now available. However, placing NGAV with
WONV and FLAV is complicated by the presence of the second
glycoprotein gene (GNS), which to date has only been detected in
viruses in the genus Ephemerovirus. It is apparent that as the genomes
of rhabdoviruses such as NGAV are sequenced, more complexity will
be encountered which taxonomy will need to accommodate. For this
reason and to improve virus detection methods to better assess
potential disease threats as well as develop recombinant vaccines,
there is a clear need to determine the genome sequences of the many
yet uncharacterised rhabdoviruses and determine the functional role
of the novel accessory genes present in viruses such as NGAV.
Materials and methods
Virus propagation and RNA extraction
NGAV (strain MRM14556) and BEFV (strain CS1927) were
propagated in BHK-BSR cells grown in basal medium Eagle supple-
mented with 10 mM HEPES, 6.7 mM NaHCO3, 2 mM L-glutamine,
137 μM streptomycin, 80 U/ml penicillin and 5% (growth media, GM)
or 2.5% (maintenance media, MM) fetal calf serum, at 37 °C. At 4 days
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centrifuged at 2000×g for 10 min to remove cellular debris and a
virus pellet was obtained by ultracentrifugation at 206,000×g for
40 min in a Beckman type 55.2Ti rotor. Total RNA was extracted from
the crude virus pellet using the RNeasy Mini Kit (QIAGEN, Germany)
and quantiﬁed using the GeneQuant II RNA/DNA calculator.
PCR-select cDNA subtraction to obtain NGAV genomic sequence data
NGAV and BEFV were used as the tester and driver respectively in
PCR-select cDNA subtraction reactions. We have previously modiﬁed
this method to obtain overlapping genome fragments for increased
efﬁciency by using three different restriction enzymes (Gubala et al.,
2008). Here, the method was further modiﬁed by pooling RNA from
three different rhabdoviruses (genome sequence analysis of the other
two viruses is not described here). The genome fragments generated
were cloned into pCR-Blunt II-TOPO and sequenced as previously
described (Gubala et al., 2008). Additional sequences were also
obtained by 454 Life Sciences sequencing (Roche) analyses of
uncloned DNA obtained from secondary PCR ampliﬁcation of the
PCR-select cDNA subtraction reactions. Sequences generated from
these two approaches were used to generate a single contiguous
sequence of the NGAV genome. For conﬁrmation, the contig was used
to design primer pairs to amplify sequences (except for the genome
termini) spanning the entire NGAV genome as described previously
(Gubala et al., 2008).
Characterisation of genome extremities by RACE
A rapid ampliﬁcation of cDNA ends (RACE) method was used to
obtain the terminal genome sequences as previously described
(Gubala et al., 2008) except that RNA was extracted directly from
100 μl infected cell culture supernatant rather than from virus
concentrated by ultracentrifugation. The 3′ RACE method used the
primers 5′-GAGGTGCATCCAGCTATTTG-3′ (located 574 nt from 3′
terminus) and 5′-CATAGCGGATAGCGTGTGCTAC-3′ (located 284 nt
from the 3′ terminus) in the primary and secondary PCR, respectively.
The 5′ RACE method used the primers 5′-CATTGGTATAATCAGCTG-
GATTGC-3′ (located 441 n from the 5′ terminus) for cDNA synthesis
and 5′-TTGCCACTGGAAACACTC-3′ (located 415 nt from the 5′
terminus) and 5′-CACACTTATGAGTCGATAG-3′ (located 386 nt from
5′ terminus) in the primary and secondary PCR, respectively. To
increase speciﬁcity, the RACE adaptor-speciﬁc primer used previously
(19) was modiﬁed to contain three additional nucleotides (5′-
AACGCCATTTCCACCTTCTCTTCACG-3′) homologous to the conserved
genome termini of animal rhabdoviruses. The PCR products were
puriﬁed using the QIAquick PCR Puriﬁcation Kit (QIAGEN) and
sequenced directly using the virus-speciﬁc primers.
DNA sequencing and sequence analyses
Sequencing was performed using the BigDye Terminator v. 1.1 kit
and the ABI PRISM 3130xl Genetic Analyzer (both from Applied
Biosystems, USA) and the 454 Life Sciences Sequencer (Roche)
according to the manufacturer's protocols.
Sequence assembly and routine sequence management were
performed using the programs SeqMan Pro v. 8.0.2 (Lasergene v. 8,
DNASTAR), Clone Manager v. 9 (Sci Ed Central) and Artemis (Altschul
et al., 1997). Sequence similarity searches of GenBank/EMBL and
SWISSPROT databases were performed using BLAST (http://www.
ncbi.nlm.nih.gov) (Altschul et al., 1997). Amino acid sequence
identity levels of deduced NGAV proteins to equivalent proteins of
other members of the Rhabdoviridae were determined from ClustalW
[Accurate] pairwise alignments using MegAlign v. 7.2.1 (Lasergene).
Protein sequences were analysed using PredictProtein (http://www.
predictprotein.org) (Rost et al., 2004), ProtScale and SignalP programsavailable at the ExPASy Proteomics Server (http://au.expasy.org) and
Phobius (http://phobius.cbr.su.se/).
Phylogenetic analyses were performed using programs available
through BioManager at the ANGIS web interface (http://www.
angis.org.au). ClustalW alignments of selected proteins were edited
manually at both ends to avoid gaps and ensure maximum
compatibility of the sequences compared. Evolutionary relation-
ships were estimated using the distance matrix method (Protdist)
and neighbour-joining phylogenetic trees were drawn using Tree-
View v. 1.6.6 (Page, 1996). Bootstrap resampling (100 replicates)
was performed using Seqboot to conﬁrm the statistical reliability of
the phylogenetic trees. Dotplot analyses were performed using the
Dotmatcher program available at ANGIS and employed a window of
15 and a threshold of 30 using the EBLOSUM 62 matrix.
Immunoblotting
BHK-BSR cell monolayers were grown to 80% conﬂuency in
10 cm2 tissue culture plates (Nunc) and were either mock infected or
infected with NGAV at a multiplicity of 10 TCID50/cell. The inoculum
was removed after 1 h and replaced with fresh MM. At 8, 16, 24 and
32 hpi the cells were harvested into phosphate-buffered saline A
(PBSA) containing 1×Complete Protease Inhibitor Cocktail (Roche),
followed by a wash and resuspension in 100 μl of this solution. The
cell preparations (20 μl) were then treated according to the
Invitrogen instructions for NuPAGE Novex SDS-PAGE gel analysis of
proteins and were analysed in NuPAGE Novex 12% Bis-Tris SDS-PAGE
gels. Proteins were transferred onto Hybond-LFP PVDF membrane
(Amersham) according to the Invitrogen western blotting transfer
protocol and were treated with immune polyclonal mouse ascitic
ﬂuid (MAF) (1/200) raised to NGAV prepared according to the
method previously described (Sartorelli et al., 1966), followed by
binding to sheep antimouse HRP-conjugated Ig (1/1000) (Silenus,
Australia). Membranes were immersed in Western Lightning Chemi-
luminescence Substrate Reagent Plus (PerkinElmer Life Sciences) for
1 min for development of chemiluminescence and exposed to Kodak
BioMax Light ﬁlm. Anti-NGAV MAF was produced by inoculating
mice with a heat-inactivated infected suckling mouse brain at the
CSIRO Long Pocket Laboratories, Brisbane. This MAF has been used
previously in complement ﬁxation, immunoﬂuorescence and virus
neutralization assays and does not cross-react with any other
Australian rhabdovirus.
Virus neutralization tests
Serum samples from various animal species were screened in a
virus neutralization test (VNT) to assess for infection by NGAV.
Initially, serum samples were diluted 1:5 in cell culture medium and
duplicate aliquots of 50 μl were placed into 96-well ﬂat-bottomed
microplates. Cell culture medium only (serum toxicity control) or
medium pretitrated to contain 100 TCID50 of virus (50 μl), were added
to each well and incubated at 37 °C with 5% CO2 for 1 h. A 100 μl cell
suspension containing 2×105 BHK-BSR cells perml was added to each
well and the plates were incubated under the same conditions. To
determine the optimal day for the reading of plates positive serum
control wells containing anti-NGAV MAF were concurrently set up.
Plates were scored for inhibition of CPE at 5 dpi and a two-fold
dilution series (1:10, 1:20. 1:40 and 1:80) of each positive serum was
subsequently performed in duplicate using the same procedure.
Serum neutralization titres were calculated using the Reed and
Muench 50% end point method (Reed and Muench, 1938).
Sequence database accession numbers
The NGAV genome sequence has been deposited in GenBank and
has the accession number FJ715959. The accession numbers of other
107A. Gubala et al. / Virology 399 (2010) 98–108viral sequences used in comparisons and phylogenetic analyses were:
ABLV, Australian bat lyssavirus (NC_003243); ARAV, Aravan virus
(EF614259); ARV, Adelaide River virus (U10363, L09207, U05987);
BEFV, Bovine ephemeral fever virus (NC_002526); CHPV, Chandipura
virus (AY614724, AY614717); COCV, Cocal virus (AF045556); FLAV,
Flanders virus (AH012179); HIRRV, Hirame rhabdovirus (NC_005093);
IHNV, Infectious hematopoietic necrosis virus (NC_001652); ISFV, Isfahan
virus (AJ810084); LBV, Lagos bat virus (DQ499944, AF298148); MOKV,
Mokola virus (NC_006429); OITAV, Oita virus (AB116386); PIRYV, Piry
virus (D26175); RABV, Rabies virus (NC_001542); STRV, Sea trout
rhabdovirus (AF434992); SIGMAV, (X91062); SiCRV, Siniperca chuatsi
rhabdovirus (NC_008514); SHRV, Snakehead rhabdovirus (NC_000903);
SVCV, Spring viremia of carp virus (NC_002803); TUPV, Tupaia virus
(NC_007020); VSIV, Vesicular stomatitis Indiana virus (NC_001560);
VSNJV, Vesicular stomatitis New Jersey virus (K02379,V01214); VHSV,
Viral hemorrhagic septicaemia virus (NC_000855); and WONV, Wonga-
bel virus (NC_011639).
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